Introduction
============

Gold nanoparticles (GNPs) have been used for more than 2--3 decades for imaging and targeted therapy. GNPs are of interest due to their unique intrinsic size-dependent properties, such as surface energy and light absorption or scattering, which are attributed to surface plasmon resonance (SPR) and surface-enhanced Raman scattering (SERS). The synthesis of GNPs with a SERS signature involves multiple steps. Plasmonic nanoparticles coated with reporter molecules and covered with protective layer of molecules reduce the toxicity of plasmonic nanoparticles in living cells.[@b1-ijn-8-4327] The application of nanomaterials in therapy and diagnosis of cancerous tissue is of scientific interest due to their unique size-dependent properties. Among all nanomaterials, metals are advantageous due to their SPR and SERS properties.[@b2-ijn-8-4327],[@b3-ijn-8-4327] In addition to the plasmonic property of metal nanoparticles, GNPs have added advantages in cancer therapy and diagnosis due to their biocompatibility and easily controllable shape and size.[@b4-ijn-8-4327],[@b5-ijn-8-4327] Two intravenous preparations -- Aurimune™ and AuroLase® -- have already been used for clinical applications.[@b6-ijn-8-4327],[@b7-ijn-8-4327] GNPs have been used for more than 50 years for the treatment of rheumatoid arthritis, and are also approved by the FDA for biomedical applications.[@b8-ijn-8-4327] Uni-Gold Recombigen® has been approved for the detection of HIV-1 in plasma, serum, and whole blood.[@b9-ijn-8-4327] Recently, insulin-coated ultrathin GNPs were approved for clinical trials in humans.[@b10-ijn-8-4327]

The synthesis of GNPs using green nanotechnology has an advantage over chemical methods in terms of reducing the toxicity of chemicals used in the synthesis process.[@b11-ijn-8-4327],[@b12-ijn-8-4327] Therefore, natural plant products like polysaccharides, phenolics and phytochemicals are commonly used for the synthesis of nanoparticles.[@b13-ijn-8-4327] GNPs have been synthesized using phytochemicals from *Terminalia chebula*, *Breynia rhamnoides*, *Memecylon edule*, *Cinnamomum verum*, *Macrotyloma uniflorum*, *Rosa* hybrid, ginseng soybean and *Aloe vera*.[@b14-ijn-8-4327]--[@b18-ijn-8-4327] Furthermore, *Vitis vinifera* L. was used for the synthesis of silver nanoparticles.[@b19-ijn-8-4327] These authors showed that phytochemicals in the plant show unique kinetic property to reduce gold salts to form GNPs. Polyphenols such as flavonoids and catechins from tea have been used as reducing agents to synthesize GNPs.[@b20-ijn-8-4327] The subcellular organelle chloroplast reduced the Au salts to produce the GNPs.[@b21-ijn-8-4327]

GNPs with SERS signatures are used extensively in biomedical applications due to their inert biocompatible properties and high sensitivity in imaging application.[@b22-ijn-8-4327] Localized SPR and SERS are due to the resonance of free electrons present in the GNPs.[@b23-ijn-8-4327] The introduction of noble metal substrates led to Raman intensities enhanced by as much as 10^14^--10^15^ times compared to the weak Raman signal exhibited inherently by the molecules.[@b24-ijn-8-4327] Since its discovery, SERS-based technologies have been used for various biomedical applications, such as live-cell probing and diagnosis of diseased tissue.[@b25-ijn-8-4327],[@b26-ijn-8-4327] The broad-range application of SERS includes spectral specificity, long-term stability compared to fluorescence, and tagging of multiple molecular markers for multiplexing capabilities.[@b27-ijn-8-4327],[@b28-ijn-8-4327] The promising properties of GNPs and an emerging nanotechnology enabled the target-specific and efficient use of this nanocarrier in biomedical applications.[@b29-ijn-8-4327] The general strategy for designing SERS-encoded nanoparticles or SERS nanotags involves the attachment of one or multiple organic dyes as signature reporters onto a metal enhancer in the form of a gold or silver nanoparticle, which is further encapsulated by a polymer biomolecule or a glass shell for protection against aggregation and biocompatibility.[@b30-ijn-8-4327],[@b31-ijn-8-4327] Since the fabrication process reported earlier involves multiple complicated steps, there is a need for rapid synthesis of GNPs with SERS signature.[@b30-ijn-8-4327] The present rapid and simple method uses phytochemicals from fruits of *V. vinifera* L. to reduce sodium tetrachloroaurate and provide Raman reporter molecules instead of using toxic chemicals for the synthesis and stabilization of metallic nano-particles. The facile synthesis route further demonstrates the great potential of GNPs as a new class of SERS nanoparticles in biomedical applications.

Materials and methods
=====================

Chemicals
---------

Sodium tetrachloroaurate (III) dehydrate (99%), L-histidine (\>99% purity), L-cysteine (97% purity), cell-culture media Roswell Park Memorial Institute (RPMI) 1640 medium and Dulbecco's Modified Eagle's Medium (DMEM), fetal bovine serum (FBS) and poly-L-lysine were procured from Sigma-Aldrich (St Louis, MO, USA). Trypsin--ethylenediaminetet-raacetic acid (EDTA) and antibiotic antimycotic solution were procured from Hi-Media (Mumbai, India). MTT (3\[4,5-dimethylthiazol-2-yl\] − 2,5-diphenyl tetrazolium bromide) reagent, dimethyl sulfoxide (DMSO), and *V. vinifera* L. (black grapes) were obtained from (Chennai, India). Gum arabic was purchased from MP Biomedicals (Santa Ana, CA, USA).

Instrumentation
---------------

An ultraviolet (UV)-visible spectrophotometer (DU-800; Beckman Coulter, Brea, CA, USA), dynamic light scattering (DLS) analyzer (Zetasizer Nano ZS equipped with 4.0 mW, 633 nm laser, model ZEN3600; Malvern Instruments, Malvern, UK), SpectraMax M4 multimode microplate reader (Molecular Devices, Sunnyvale, CA, USA) at Sankara Nethralaya (Chennai, India), high-resolution transmission electron microscope (HRTEM; Tecnai G14, 140 kV; FEI, Hillsboro, OR, USA), Fourier-transform infrared (FTIR) spectrophotometer (580B; PerkinElmer, Waltham, MA, USA), Raman spectrophotometer (Alpha 300 confocal Raman system equipped with a 532 nm Nd:YAG laser; WITec, Ulm, Germany) at the Indian Institute of Technology (Madras, India), and an X-ray powder diffractometer (PW 1830; Philips, Amsterdam, the Netherlands) at the Indian Institute of Technology (Kanpur, India) were used in the studies.

Cell lines
----------

The breast cancer MDA-MB-453 cell line was procured from the American Type Culture Collection (ATCC), Manassas, VA, USA, and the Müller glial MIO-M1 cell line was a kind gift from Professor Astrid Limb, London, UK.

Preparation of *Vitis vinifera* L
---------------------------------

The *V. vinifera* L. fruit extract was washed with Milli-Q (MQ; EMD Millipore, Billerica, MA, USA) water and ground in a pestle and mortar to obtain the extract. The extract was centrifuged at 1,000 rpm for 5 minutes. The supernatant containing the extract was filtered through a 0.2 μm syringe filter (EMD Millipore) and used for the synthesis of the GNPs.

Synthesis of GNPs
-----------------

GNPs were synthesized by the reduction of sodium tetrachlo-roaurate by *V. vinifera* L. fruit extracts. MQ (36 mL of 0.2 μm-filtered) water was heated to 80°C in a boiling flask, followed by the addition of 72 mg of gum arabic and 600 μL of *V. vinifera* L. fruit extract with constant stirring for 5 minutes. Then, 600 μL (0.1 M NaAuCl~4~) was added dropwise to the mixture. The color of the reaction mixture changed to red, indicating the synthesis of GNPs. The reaction was stopped by immediate cooling on ice. GNPs with different sizes were obtained by changing the reaction parameters.

Characterization of GNPs
------------------------

The prepared GNPs were characterized by the UV-visible spectrophotometer to observe the plasmon absorption, with water as blank. The spectra, taken in the scanning range of 400--800 nm, were used to characterize the SPR of the GNPs, using water as a reference. The size distribution and zeta potential of the synthesized GNPs in suspension were measured using DLS. The parameters used in the measurements included viscosity of 0.34 cP, reflective index of 1.054, and temperature of 25°C by the Zetasizer Nano ZS.

### TEM analysis

GNPs shape and size range was confirmed by TEM. The samples were prepared by drop-coating on copper grids, followed by drying overnight. The TEM analysis was carried out at an accelerating voltage of 140 kV using HRTEM (Tecnai G14).

### XRD measurements

X-ray diffraction (XRD) analysis was performed to identify different phases present in the GNPs with the Philips PW 1830. The instrument was operated at 40 KV voltage and 40 MV current using Cu-Kα radiation (λ = 1.5405 Å, scan rate 1°/minute).

### FTIR measurements

FTIR spectroscopy was performed in the range of 500--4,000 cm^−1^ to study the characteristic functional groups present in as-prepared GNPs and *V vinifera L.* extract. The FTIR analysis was carried out in the transmittance mode using KBr crystal. Protein estimation was done using the standard Bradford method to confirm the presence of proteins on the surface of GNPs.

### Stability of GNPs in various buffers

The stability of the GNPs in different buffers was tested using UV-visible spectrometry. GNPs (1 mL) were added to 0.5 mL of RPMI + FBS RPMI, 0.25% histidine, 0.5% cysteine, borate buffer, and 1% NaCl, followed by incubation for 30 minutes at room temperature. Stability and identity were confirmed by UV-visible spectrophotometry. After 15 days of synthesis, GNPs were again tested for monodispersity as well as long-term stability. The plasmon-resonance band was measured in vitro to confirm the stability of the GNPs in all the solutions.

Cell culture
------------

Human breast cancer (MDA-MB-453) and Müller glial (MIO-M1) cell lines were used to assess the cytotoxicity of GNPs. The cryovials received from the ATCC were rapidly thawed and subsequently cultured in DMEM, supplemented with 10% FBS and 1% antibiotic cocktail (10,000 IU penicillin, 10 mg streptomycin, and 25 μg amphotericin/mL) at 37°C in a 5% CO~2~ humidified atmosphere. The exponentially growing monolayer cells, upon attaining 90% confluence, were trypsinized using 0.25% trypsin--EDTA solution and used for further experiments.

Cell-toxicity determination using MTT assay
-------------------------------------------

Mitochondrial activity was assessed by MTT assay. The assay was performed to determine the cytotoxicity of the GNPs. Cell viability was measured by trypan blue exclusion in a hemocytometer. Briefly, 5 × 10^3^ cells were seeded in a poly-L-lysine-coated 96-well polystyrene plate. The cells were cultured in a CO~2~ incubator overnight. The growth medium was removed, and a series of varying concentrations of GNPs − 10, 25, 50, and 100 μM -- were added to the culture plate. After incubation for 6, 12, and 24 hours, 10 μL MTT (5 mg/mL) was added to each well. The culture plate was incubated until formazan crystals were formed. The MTT solution was removed followed by the addition of 140 μL DMSO to each well to dissolve the crystals. The optical density was then read by enzyme-linked immunosorbent assay at 570 nm. Percentage cell viability was calculated with respect to control.

Raman spectroscopy for SERS analysis
------------------------------------

Raman spectra were recorded using an argon-ion laser as excitation source and scanned from the wave-number region of 2,000--500 cm^−1^ at a laser power of 8 mW. A 532 nm nm-excitation wavelength was used for recording Raman spectra. The GNPs of various sizes were characterized by Raman spectroscopy. The GNPs were drop-coated on the glass slide, and the Raman spectra were recorded. The spectrum from the *V. vinifera L*. was used as control. The SERS effect of the dye-doped GNPs was measured according to a previously reported protocol.[@b21-ijn-8-4327] Briefly, 1 g of GNPs was dissolved in 500 μL of rhodamine 6G (R6G; 20 μm) solution and incubated overnight. The doped GNPs were centrifuged and washed twice with water. The dye-doped GNPs were resuspended in 50 μL MQ water. Aliquot (10 μL) was used for the SERS measurement. The R6G solution was used as a control. The Raman enhancement (RE) was calculated for R6G-doped GNPs with respect to R6G dye respectively according to the equation:[@b32-ijn-8-4327]
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where I~R6G\ GNP~ and N~R6G\ GNP~ are Raman intensities of R6G dye-doped GNPs at Raman peak 1,360 cm^−1^ and number of R6G molecules on GNPs, respectively. I~R6G~N/~R6G~ is the Raman intensity of R6G and number of dye molecules. The number of molecules was calculated using Avogadro's number for dye-doped GNPs and R6G with known concentration of R6G. The RE for the GNPs without dye doping was calculated by using Raman spectral intensities from the prominent peak (1,102 cm^−1^) of the Raman spectrum normalized to the intensities from the *V. vinifera L*. extract alone. RE (1,102 cm^−1^) = peak height of enhanced 1,102 cm^−1^/peak height of enhanced R6G dye molecule × RE of R6G × dilution factor.

Statistical analysis for in vitro cytotoxicity assay
----------------------------------------------------

The in vitro assay was run in triplicate with three independent measurements, and statistical analysis was performed by SPSS version 17 (IBM Corporation, Armonk, NY, USA) software. Significant differences between samples were analyzed by one way analysis of variance, and Dunnett's test performed for post hoc analysis. Significance was set at *P* \< 0.05.

Results and discussion
======================

Synthesis of GNPs
-----------------

A schematic process for GNPs synthesis is presented in [Figure 1](#f1-ijn-8-4327){ref-type="fig"}. In brief, the synthesis involved the addition of *gum arabic,V. vinifera* L. extract and NaAuCl~4~ into preheated water at 45°C and 80°C to NaAuCl~4~, followed by rapid cooling on ice. The *V. vinifera* L. extract alone could reduce NaAuCl~4~ salt to produce GNPs, but these GNPs were not stable and formed aggregates on long-term storage. Therefore, gum arabic was used as a stabilizer to avoid aggregation of GNPs. However, gum arabic alone could not reduce NaAuCl~4~ to produce the GNPs. Gum arabic is a highly branched polysaccharide structure containing arabinogalactan and glycoproteins. The glycoprotein coating is known to reduce the toxicity of metal nanoparticles.[@b33-ijn-8-4327] The potential adverse effects of nanomaterials on human health are expected to reduce to a greater extent with the use of GNPs synthesized from natural plant compounds, such as polyphenols and phytochemicals, that are known to have abundant antioxidant and anticancer properties.[@b34-ijn-8-4327],[@b35-ijn-8-4327] In the current method, the organic acids, phenolic compounds, and polysaccharides might have reduced the NaAuCl~4~ into the GNPs.[@b33-ijn-8-4327],[@b34-ijn-8-4327] The GNPs of various sizes were synthesized, as different sizes could have significant effect on cellular signaling processes.[@b36-ijn-8-4327] GNPs of various sizes were synthesized by changing the temperature of the reaction, the concentration of NaAuCl~4~, and the reducing agent ([Table 1](#t1-ijn-8-4327){ref-type="table"}). GNPs with a diameter of 14 ± 1 nm ([Figure 2B](#f2-ijn-8-4327){ref-type="fig"}) were synthesized at 80°C. Increasing the time of reduction resulted in the synthesis of the 28 ± 2 nm GNPs ([Figure 2D](#f2-ijn-8-4327){ref-type="fig"}). The 61 ± 2 nm GNPs ([Figure 2E](#f2-ijn-8-4327){ref-type="fig"}) were synthesized at 45°C using higher Au salt concentration. The sizes of the GNPs are dependent on two independent processes, ie, growth and nucleation of the Au atoms during particle synthesis.[@b37-ijn-8-4327],[@b38-ijn-8-4327] The longer the duration of growth and nucleation processes, the bigger the particles synthesized. At higher temperatures with less Au salt, the atoms vibrate strongly at their lattice positions and exchange energy with neighboring atoms.[@b39-ijn-8-4327] The lower temperatures resulted in the reduction in the diffusion and the higher strain energy that led to the formation of bigger particles. The effect of annealing temperature was studied previously by Goh et al with ZnO sacrificial template and polymethylsilsesquioxanes.[@b40-ijn-8-4327] The size of GNPs is inversely proportional to the annealing temperature on ZnO sacrificial template. The size of GNPs decreases with increasing annealing temperature. The zeta potential of the 14 ± 1 nm particles was −32 mV. The bigger GNPs had reduced zeta potential of −22 mV, indicating lower stability of the bigger particles compared to the 14 ± 2 nm GNPs ([Table 1](#t1-ijn-8-4327){ref-type="table"}). However, the negative zeta potential for all the GNPs indicates the relative stability of these particles in the dispersion medium.

Characterization of GNPs
------------------------

The maximum absorption at 528 nm for the GNPs with a diameter 14nm indicates that particles are homogeneous isotropic spheres in nature.[@b21-ijn-8-4327],[@b41-ijn-8-4327] Furthermore, the λ maximum of the SPR band can also be used to predict the size of the GNPs.[@b42-ijn-8-4327] The absorption maxima of the SPR band of GNPs depends on the size of the nanoparticles, whereas the absorption intensity depends on the concentration of GNPs of same size. The wavelength maximum at 520--540 nm can be used to indicate the spherical size of the GNPs. The SPR band at 528 nm ([Figure 2A](#f2-ijn-8-4327){ref-type="fig"}) is indicative of spherical particles less than 20 nm in diameter. Consistent with the prediction of particle size from SPR analysis, the average size measured by the DLS number distribution was 14 ± 1 nm (mean ± standard deviation) ([Figure 2B](#f2-ijn-8-4327){ref-type="fig"}). Single clusters of GNPs showed monodispersity of particles. The λ maximum (SPR band) of 28 ± 2 nm and 61 ± 2 nm showed a red shift at 530 nm and 541 nm, respectively ([Figure 2C](#f2-ijn-8-4327){ref-type="fig"} and [E](#f2-ijn-8-4327){ref-type="fig"}) with respect to 14 ± 1 nm ([Figure 2A](#f2-ijn-8-4327){ref-type="fig"}). A similar red shift of the bigger nanoparticles was reported earlier.[@b43-ijn-8-4327] According to Mie theory, the change in the SPR band is due to the adsorption of any material on the surface of GNPs and a change in the dielectric properties of the medium.

Previous studies found GNPs of less than 20 nm are more suitable for biological application compared to particles of bigger sizes, as their cellular uptake is higher and they can cross the blood--brain barrier in animal models.[@b44-ijn-8-4327],[@b45-ijn-8-4327] Therefore, for the present study, we selected GNPs sized 14 ± 1 nm for characterizations and in vitro study. In accordance with the predicted shape of the particles from absorption measurements, TEM ([Figure 3A](#f3-ijn-8-4327){ref-type="fig"} and [B](#f3-ijn-8-4327){ref-type="fig"}) analysis showed spherical GNPs \<20 nm. The GNPs size calculated from the TEM analysis was 16 ± 2 nm ([Figure 3B](#f3-ijn-8-4327){ref-type="fig"}). This value is closer to the size measured by DLS (14 ± 1 nm). The GNPs were characterized by XRD to understand the crystalline nature of the particles. The XRD spectrum exhibited peaks at 38° and 44°, which is indicative of (111) and (200) planes of face-centered cubic gold. The presences of (111) confirm the crystalline nature of the GNPs ([Figure 3C](#f3-ijn-8-4327){ref-type="fig"}). The indexing of the peaks using International Centre for Diffraction Data files confirmed that the characteristic X-ray peaks could be attributed to face-centered cubic Au structure. Earlier, reports of GNPs synthesis exhibited additional diffraction peaks at 64.8° and 78.8°, and these were ascribed to (214) and (311) planes, respectively.[@b21-ijn-8-4327] The diffraction intensity of the (111) plane was higher compared to that of the (200) plane, indicating that (111) planes were predominant in GNPs synthesis. An overwhelmingly strong diffraction peak at the (111) plane compared to other facets was observed in an earlier report on GNPs synthesis.[@b21-ijn-8-4327] The predominance of (111) could be due to lower surface energy compared to other planes, which results in weak bonding ability and chemical reactivity compared to other planes.[@b46-ijn-8-4327],[@b47-ijn-8-4327] The biomolecules from *V. vinifera* L. fruit extract preferentially adsorbed lower surface energy of the (111) plane and enabled the growth of the Au crystal facets in this plane. The adsorption of *V. vinifera* L. influenced the surface property and biocompatibility of GNPs. The fibronectin protein nanofibrillar Ag particles synthesized earlier had a predominant (111) plane in XRD indicates the high SERS ability.[@b47-ijn-8-4327]

*V. vinifera* L. contains mainly sugar, glucose and fructose, organic acid, tartaric, malic, and citric acid, phenolic compound anthocyanins, tannins, and nitrogenous compound amino acid, peptides, and proteins.[@b48-ijn-8-4327] FTIR analysis was performed to detect the vibration mode of chemical compounds and infer biochemical composition of *V. vinifera* L. and compound present on GNPs ([Figure 3D](#f3-ijn-8-4327){ref-type="fig"} and [E](#f3-ijn-8-4327){ref-type="fig"}). The sharp peak of GNPs at 3,785 cm^−1^ is probably an O−H stretch, indicating the presence of phenols from the *V. vinifera* L. fruit extract. The fruit extract consists of a variety of polyphenols, aldehydes, peptides, and proteins.[@b49-ijn-8-4327],[@b50-ijn-8-4327] The medium peaks of 2,934 cm^−1^ and 2,071 cm^−1^ indicate the C−H and C≡H of alkanes and alkynes, respectively ([Figure 3D](#f3-ijn-8-4327){ref-type="fig"}). The GNPs peaks at 2,917 cm^−1^ and 2,836 cm^−1^ are indicative of C−H and H−C=O bonds of aldehydes from *V. vinifera* L. coated on the GNPs. The peaks at 1,641 cm^−1^ ([Figure 3D](#f3-ijn-8-4327){ref-type="fig"}) and 1,659 cm^−1^ ([Figure 3E](#f3-ijn-8-4327){ref-type="fig"}) are indicative of N−H bond vibrations from amide groups of the proteins present in *V. vinifera* L. fruit extract as well as in the GNPs.[@b51-ijn-8-4327],[@b52-ijn-8-4327] The protein content was estimated by the Bradford test found to be 0.056 μg/2 × 10^7^ particles for 61 ± 2 nm- and 0.045 μg/7 × 10^8^ particles for 14 ± 1 nm-sized GNPs. The peak at 1,420 cm^−1^ is indicative of a C−C stretch from the polyphenols of the *V. vinifera* L. present on the surface of GNPs. On the other hand, peaks at 1,247 cm^−1^, 1,061 cm^−1^, and 1,042 cm^−1^ might be aliphatic amines with C−N stretches. The peaks at 630 cm^−1^ and 711 cm^−1^ could be from alkanes ([Figure 3D](#f3-ijn-8-4327){ref-type="fig"}) present in the *V. vinifera* L. fruit extract. Furthermore, the 711 cm^−1^ peak could be from the rocking bond of the alkanes present on the GNPs ([Figure 3E](#f3-ijn-8-4327){ref-type="fig"}). Earlier reports have attributed this peak to the presence of alkanes.[@b53-ijn-8-4327],[@b54-ijn-8-4327] The overlapping peak of the functional group of *V. vinifera* L. present on the GNPs also corroborates our results in that chemical compounds from the *V. vinifera* L. fruit extract had been coated on the surface of GNPs and formed chemical bond with GNPs.

Stability and cytotoxicity of GNPs
----------------------------------

The stability of nanoparticles is an indispensable parameter for biomedical applications. The in vitro stability of the GNPs ([Figure 4A](#f4-ijn-8-4327){ref-type="fig"} and [B](#f4-ijn-8-4327){ref-type="fig"}) was evaluated by monitoring the plasmon wavelength (λ maximum) in borate buffer, RPMI, NaCl, RPMI + FBS, cysteine and histidine, and NaCl at 0 days, and 15 days after the synthesis of GNPs. The plasmon wavelength and bandwidth in the above buffers did not show a shift in SPR band at 0 days, whereas after 15 days the SPR band exhibited a small shift of less than 5 nm. The constant SPR band indicated that GNPs were stable in all buffers and cell-culture media. The data indicated that there was no difference in the SPR band in any of the buffers with respect to GNPs alone (as a control). Our results are consistent with other studies on the stability of GNPs synthesized from plant compounds.[@b14-ijn-8-4327],[@b15-ijn-8-4327]

A key parameter in evaluating biocompatibility is centered on the evaluation of potential cytotoxicity of the materials. The in vitro cytotoxicity effect of nanomaterials is most often assessed from mitochondrial enzyme activity using tetrazo-lium salt (MTT assay), with respect to the untreated cell as a control.[@b55-ijn-8-4327],[@b56-ijn-8-4327] Cytotoxicity of the GNPs tested using MTT assay in noncancerous Müller glial (MIO-M1) and breast cancer (MDA-MB-453) cells ([Figure 4C](#f4-ijn-8-4327){ref-type="fig"} and [D](#f4-ijn-8-4327){ref-type="fig"}). The GNPs were nontoxic to the cells up to 100 μM concentration. Cell viability did not decrease after 6 and 12 hours of treatment with increasing concentrations of GNPs from 10 to 100 μM (*P* \< 0.05) in either normal or breast cancer cell lines when compared to the untreated control cells. The cytotoxicity of the GNPs was previously reported to be dependent on GNP concentration, time of treatment, and cell type.[@b16-ijn-8-4327]--[@b18-ijn-8-4327] GNPs synthesized using synthetic and toxic chemicals such as LiBH~4~ penetrate the membranes at high concentrations and decrease cell proliferation via generating reactive oxygen species, in turn decreasing the mitochondrial enzyme activity adenosine triphosphate content of the cell, causing cell damage.[@b57-ijn-8-4327] In contrast, GNPs synthesized using green nanotechnology were nontoxic even at higher concentrations.[@b15-ijn-8-4327] The percentage cell viability was more than 85% until 12 hours of treatment in the Müller glial (MIO-M1) and the breast cancer (MDA-MB-453) cells. However, 100 μM of GNP treatment at 24 hours showed 70.28% cell viability in MDA-MB-453 cells ([Figure 4D](#f4-ijn-8-4327){ref-type="fig"}). These cells showed a significant difference (*P* \< 0.05) when compared to the control at 24 hours treatment with GNPs. On the other hand, Müller glial (MIO-M1) cells showed no significant decrease (*P* = 0.2) in cell viability after 24 hours of GNP treatment ([Figure 4C](#f4-ijn-8-4327){ref-type="fig"}). According to the ISO-10993-5 guideline,[@b58-ijn-8-4327] a material can be used for biomedical application if the material shows more than 70% cell viability. The GNPs from 10 to 100 μM concentration are safe to use for in vitro studies.

Moreover the toxicity of the metal nanoparticles is reduced by surface coating.[@b59-ijn-8-4327] The GNPs were coated with gum arabic in the present study. This coating might have been responsible for the observed low toxicity in the normal and breast cancer cell lines, as it prevents the direct contact of the metal nanoparticles with the cells and makes these particles more biocompatible than uncoated particles. Gum arabic-coated GNPs have been previously tested in animal models and found to be nontoxic.[@b60-ijn-8-4327]

SERS signature on GNPs
----------------------

SERS is a unique property of metal nanoparticles that can be used for imaging applications. Therefore, in the current work, GNPs of various sizes (14 ± 1 nm and 61 ± 2 nnm) were tested for the SERS signature without addition of known synthetic Raman-reporter molecules. Synthetic chemicals as Raman reporters have been used before for SERS.[@b29-ijn-8-4327] In our study, Raman intensity was measured from 500 to 2,000 cm^−1^ ([Figure 5A](#f5-ijn-8-4327){ref-type="fig"}). Raman spectral peak intensities were observed at 570, 788, and 1,102 cm^−1^. The peak intensity of the different sizes revealed that the intensity of the peak increased with increasing GNPs size. In agreement with the present work, earlier reports indicated that SERS intensity increases with increased particle size.[@b24-ijn-8-4327],[@b61-ijn-8-4327] Raman spectral peak intensities from the *V. vinifera* L. fruit extract were also observed at 570, 788, and 1,102 cm^−1^, signifying that the Raman-reporter molecules from the extract were retained on the GNPs during the synthesis process. Interestingly, Raman-signal intensity was higher in GNPs compared to *V. vinifera* L. fruit extract alone, indicating a SERS effect ([Figure 5A](#f5-ijn-8-4327){ref-type="fig"}). The GNPs were doped with the well-known Raman reporter R6G to study the RE. This enhancement is comparable to the RE attained with Raman reporters from the *V. vinifera* L. extract. The R6G-doped GNPs showed Raman peak signature for the R6G dye ([Figure 5B](#f5-ijn-8-4327){ref-type="fig"}). A similar signature was reported in an earlier study.[@b21-ijn-8-4327] The RE was calculated as described by Chang et al using the formula given in the Materials and methods section.[@b32-ijn-8-4327]

The number of R6G dye molecules in the GNPs used to obtain Raman spectra ([Figure 5B](#f5-ijn-8-4327){ref-type="fig"}) was 120.4 × 10^14^. The number of dye molecules used as control was 6.23 × 10^20^. The RE was calculated using the peak heights from the base of the 1,360 cm^−1^ peak for R6G. The RE for R6G dye-doped GNPs was R6G 3.4 × 10^7^. The RE of 10^8^ has been previously reported for R6G-doped GNPs.[@b21-ijn-8-4327] The peak height from the base of the most prominent peak -- 1,102 cm^−1^ -- was used for calculations of RE of GNPs without dye doping. The enhanced Raman intensity for the Raman reporters in GNPs compared to the *V. vinifera* L. fruit extract was used for calculations ([Figure 5A](#f5-ijn-8-4327){ref-type="fig"}). The RE of R6G-doped GNPs was extrapolated for the reporter molecules from *V. vinifera* L. fruit extract using Raman peak intensities. The RE for the 61 nm-sized GNPs was 4 × 10^3^. The R6G molecule exhibited higher SERS enhancement compared to the Raman-reporter molecules from *V. vinifera* L. ([Figure 5A](#f5-ijn-8-4327){ref-type="fig"} and [B](#f5-ijn-8-4327){ref-type="fig"}). SERS activity is known to be dependent on two key factors: (1) resonant surface-plasmon excitation of a metal substrate, and (2) close proximity of analytic molecules to the metal substrate surface.

The surface chemistry of metal substrate was considered as a critical factor for SERS activity because the analytes must be located within 0--4 nm of the substrate surface or the electromagnetic field. Therefore, we proposed that the GNPs had Raman reporter molecule(s) in the close proximity of the Au metal surfaces, resulting in SERS enhancements.[@b62-ijn-8-4327] We hypothesized that the aromatic compounds from the *V. vinifera* L. extract act as SERS nanotags. The higher SERS activity of R6G may be due to the closer proximity of R6G molecules compared to the Raman reporters from *V. vinifera* L. fruit extract. The Raman peaks at 570 cm^−1^ could be due to in-plane bending from carbon and oxygen from the phenolic compounds or aromatic acids, such as *p*-coumaric acid.[@b63-ijn-8-4327],[@b64-ijn-8-4327] This phenol is present in *V. vinifera* L. fruit extract and resins. The vibrational peak at 1,102 cm^−1^ could be from the sugar molecules present in *V. vinifera* L. extract.[@b65-ijn-8-4327] De Gelder et al reported that the 1,102 cm^−1^ band is indicative of a trehalose sugar.[@b63-ijn-8-4327] The vibrational peak at 788 cm^−1^ could be from the histidine amino acid.[@b60-ijn-8-4327] The SERS activity of such biological molecules as histidine, cysteine, and lysine using gold substrate has been reported previously.[@b21-ijn-8-4327],[@b60-ijn-8-4327],[@b63-ijn-8-4327]

The long-term stability of the GNPs was assessed for their potential application after storage of the particles. The lack of shift in Raman peaks after 1 month compared to the freshly synthesized particles indicated the stability of the Raman-reporter molecules on GNPs ([Figure 5C](#f5-ijn-8-4327){ref-type="fig"}). On the other hand, stored *V. vinifera* L. extract was incapable of reducing Au salt to form GNPs with SERS signature. The newly synthesized and stored GNPs can be used for biomedical applications. Earlier studies used SERS active gold nanoparticles for in vivo tumor-cell targeting and sensitive cancer detection.[@b27-ijn-8-4327],[@b29-ijn-8-4327] However, these studies employed GNPs synthesis using NaBH~4~ as reducing agent and synthetic dyes as SERS-reporter molecules. Our method of synthesis of SERS nanotags is faster and safer than recent syntheses using NaBH~4~ and ascorbic acid.[@b31-ijn-8-4327]

Conclusion
==========

In summary, a single reaction-based, rapid, economical, and environment-friendly method of biosynthesizing SERS nano-particles has been successfully established using *V. vinifera* L. extract. The synthesized GNPs were spherical in shape and coated with aromatic compounds (proteins/peptides) from *V. vinifera* L. The phytochemicals from the *V. vinifera* L. extracts acted both as reducing agents for the synthesis of GNPs and as reporter molecules for SERS. One major advantage of GNPs is SERS ability without the addition of synthetic chemicals or the need for complicated dye-doping procedures, previously reported for the synthesis of SERS nanotags. The identity of the Raman-reporter molecule(s) is presently unknown, and work is being carried out to study the polyphenols, aldehydes, peptides, and protein compounds present in *V. vinifera* L. extract. As GNPs are nontoxic to cells, the authors believe that the SERS ability of GNPs has great potential in many areas, including cancer diagnosis, therapy, and ultrasensitive biomarker detection.
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![Schematic illustrating the GNPs synthesis procedure and coating of protein and Raman-active molecules on prepared GNPs.\
**Abbreviations:** GNPs, gold nanoparticles; SERS, surface-enhanced Raman scattering; Au, gold; S, sulphur containing proteins.](ijn-8-4327Fig1){#f1-ijn-8-4327}

![UV-vis spectra of the different sizes of GNPs: (**A**) 14 nm; (**C**) 28 nm; (**E**) 61 nm. Dynamic light-scattering histograms showing particle distribution of GNPs: (**B**) 14 ± 1 nm; (**D**) 28 ± 2 nm; (**F**) 61 ± 2 nm.\
**Abbreviation:** GNPs, gold nanoparticles; UV-vis, ultraviolet-visible; au, arbitrary unit.](ijn-8-4327Fig2){#f2-ijn-8-4327}

![(**A**--**E**) Characterization of GNPs (16 ± 2 nm). (**A**) TEM showing GNPs shape and size. The analysis was carried out at an accelerating voltage of 200 kV. The particles were measured on two different scales: 20 nm and 100 nm. (**B**) Histogram showing average size of GNPs measured by TEM. (**C**) X-ray diffraction spectra from the particles. The particles were recorded at 40 kV voltage and 40 MV current using Cu-Kα radiation (λ = 1.5405 Å, scan rate 1°/minute). (**D** and **E**) Fourier-transform infrared spectra of *Vitis vinifera* L. and GNPs. The spectrum was recorded from 500 to 4,000 cm^−1^ from the GNPs in the transmittance mode using KBr crystal.\
**Abbreviations:** GNPs, gold nanoparticles; TEM transmission electron microscopy; SD, standard deviation; KBr, potassium bromide; au, arbitrary unit.](ijn-8-4327Fig3){#f3-ijn-8-4327}

![Stability and cytotoxicity of GNPs (top panel). UV-vis spectra of the GNPs in various buffers at various time periods: (**A**) 1 day; (**B**) 15 days. Cytotoxicity measurements of GNPs in different cell lines at various concentrations (bottom panel): (**C**) MIO-M1 (Müller glial, noncancerous); (**D**) MDA-MB 453 (breast cancer). The cell viability (% of treated cells with respect to untreated cells) of different cell lines treated with different concentrations: 10, 25, 50, and 100 μM of GNPs at various time periods.\
**Notes:** \*Significant difference with respect to control at *P*\< 0.05; error bars represent the standard error of mean.\
**Abbreviations:** GNPs, gold nanoparticles; RPMI+FBS, Roswell Park Memorial Institute medium plus fetal bovine serum; RPMI, Roswell Park Memorial Institute medium; Nacl, sodium chloride; UV-vis, ultraviolet-visible; au, arbitrary unit.](ijn-8-4327Fig4){#f4-ijn-8-4327}

![(**A**--**C**) Synthesized GNPs function as SERS nanotag. (**A**) Raman spectra from GNPs of different sizes: black, grape extract; blue, spectrum from 14 ± 1 nm nanoparticles; pink, spectrum from 61 ± 2 nm particles. (**B**) Raman spectrum of R6G-doped GNPs: red, R6G-doped particles; black, R6G dye alone. (**C**) Stability of GNPs after long-term storage: black, 0 days; red, 30 days.\
**Abbreviations:** GNPs, gold nanoparticles; SERS, surface-enhanced Raman scattering; R6G, rhodamine 6G; au, arbitrary unit.](ijn-8-4327Fig5){#f5-ijn-8-4327}

###### 

Important parameters that effect particle size and zeta potential

  Size of GNPs (mean ± SD)   NaAuCl~4~ (0.1 mM)   PDI     Zeta potential   Temperature   Time (seconds)   Grape extract   Gum arabic concentration   Volume
  -------------------------- -------------------- ------- ---------------- ------------- ---------------- --------------- -------------------------- --------
  14 ± 1                     100 μL               0.422   −32              80°C          1--2             600 μL          72 mg                      36 mL
  28 ± 2                     600 μL               0.625   −24              80°C          2--3             600 μL          72 mg                      36 mL
  61 ± 2                     600 μL               0.411   −22              45°C          2--5             600 μL          72 mg                      36 mL

**Abbreviations:** GNPs, gold nanoparticles; SD, standard deviation; PDI, polydispersity index.
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